1. Introduction {#sec0001}
===============

Starting a program of physical exercises after a long period of sedentariness or muscular deconditioning is often experienced as painful and difficult, physically as well as psychologically. However, the feelings of painfulness and drudgery gradually attenuate while individuals persist in regular exercise. Physical training generally leads to improvements in cardiovascular fitness and muscular strength, as well as psychological benefits that facilitate the adherence process. This article focuses on the virtuous circle linking exercise and cognition, which allows an individual to maintain the healthy behavior of exercising thanks to cognitive benefits ([Fig. 1](#fig0001){ref-type="fig"}), despite the fact that costs and barriers associated with exercise are initially high and only decrease through practice. The physiological benefits of exercise are well-documented and well-recognized by physicians as well as scientists.[@bib0001] In contrast, the cognitive benefits are less well-known and need to be promoted more widely. In this article, we explore the complete virtuous circle, first describing the positive effects of chronic exercise on cognitive performance and brain health and then showing the benefit of high capacity in effortful control and executive functions (EFs) on adherence to physical activity (PA) programs. As we discuss later, two causal relationships involved in the virtuous circle need more empirical evidence: (1) the causal relationship between chronic exercise and the connectivity of two large-scale neuronal networks underpinning effortful control and EFs, respectively, and (2) the causal relationship linking efficiency of effortful control and/or EFs to exercise programs adherence. Consequently, in the last section of this article, we suggest some experimental methodologies to address these questions in the future.Fig. 1Schematic illustration of the bidirectional relationship between physical activity/chronic exercise and executive functions/effortful control. The *right arrow* illustrates the causal link between regular physical activity/chronic exercise and executive functions/effortful control; that is, regularly practicing exercise leads to an improvement of executive functions and effortful control. The *left arrow* illustrates the causal link between executive functions/effortful control and practicing regular physical activity/exercise; that is, a high efficiency in executive functions and effortful control leads to a better adherence to exercise.Fig 1

Cross-sectional studies showing a positive relationship between level of PA and cognitive performance have an important limitation: they cannot establish a causal relationship between practicing PA and improvement in cognitive performance. However, the positive correlation observed between the level of PA and cognitive performance can be interpreted in two ways. The first interpretation converges with results from numerous intervention studies and considers that practicing PA regularly leads to an improvement of cognitive performance.[@bib0002], [@bib0003], [@bib0004], [@bib0005] The second interpretation is less popular and has been subject to fewer investigations. It considers that people who have good cognitive functioning are inclined to practice PA more easily and more regularly. In fact, in the present article, we assume that both interpretations are valid and influence each other in a virtuous circle ([Fig. 1](#fig0001){ref-type="fig"}).

Many intervention studies suggest that the positive effects of chronic exercise on cognition are preferentially observed in older adults and children.[@bib0002], [@bib0003], [@bib0004], [@bib0005] These two populations are particularly targeted because specific components of cognition, such as EFs, are developing in children and declining in older adults and are, therefore, more sensitive to the effects of moderators that improve or impair EFs. The most popular hypothesis explaining the positive effect of chronic exercise on cognition, called the "neurotrophic hypothesis", posits that, while exercising, the organism releases several neurotrophic molecules that stimulate hippocampal neurogenesis, brain angiogenesis, and the synthesis of monoamines.[@bib0006] From the perspective of the neurotrophic hypothesis, the accumulation of exercise sessions leads to durable changes enhancing brain integrity and brain functioning and, consequently, cognitive health. However, alternative hypotheses have been proposed.[@bib0007] This article focuses on one of these hypotheses, the so-called effort hypothesis. It considers that while practicing effortful physical exercises, individuals strengthen the connectivity of large-scale neuronal networks involved in effortful control and EFs. The benefit acquired in these two cognitive domains then leads to a facilitation of stopping unhealthy sedentary behaviors and adhering to healthy exercising. In Section 2, we define EFs, self-regulation, and effortful control and examine their roles in practicing PA.

2. EFs, self-regulation, effortful control, and PA {#sec0002}
==================================================

According to a well-known and frequently used taxonomy in cognitive psychology,[@bib0008] at least three main and elementary components of EFs can be identified. They include (1) maintenance and updating of relevant information in working memory, (2) intentional inhibition of prepotent impulses, unwanted and intrusive thoughts, embarrassing emotions, or automatic responses, and (3) mental set shifting, also known as cognitive flexibility. Other high-level cognitive processes such as volition, planning, sustained and selective attention, and self-regulation have also been considered intrinsically linked to EFs.[@bib0009], [@bib0010], [@bib0011] The concept of self-regulation, which is discussed in [Section 4](#sec0004){ref-type="sec"}, refers to psychophysiological processes enabling an individual to guide his or her goal-directed activities over time and across changing circumstances.[@bib0012] Self-regulation encompasses a large variety of regulatory activities from homeostatic adjustments automatically ensured by the hypothalamus to effortful self-control underpinned by the prefrontal cortices. EFs subserve and are a prerequisite of self-regulation.[@bib0011] The regular practice of physical exercises according to exercise science recommendations requires the use of the three components of EFs described. First, the maintenance and updating of exercise-related goals in working memory are crucial for performance achievement. For instance, when running, walking, or cycling along a trail, individuals often set one or several intermediate goals throughout the whole route of the race in terms of maintaining an exercise intensity to reach waypoints before given times. Maintaining and updating these intermediate intensity-related goals in working memory through persistent activity is essential to having a good performance in line with the self-referenced goal for the whole race. Second, practicing exercise requires the intentional inhibition to resist the desire to stop exercise when the feeling of discomfort or fatigue is too high. Third, the regular practice of PA also requires planning the exercise session and remembering when to exercise at the planned time (prospective memory). EFs and self-regulation require mental effort as soon as the individual mobilizes them to cope with a stressful situation or carry out a demanding cognitive, social, or physical task. For instance, in all exercise performed at an uncomfortable intensity that needs to be maintained over time, mental effort is necessary to sustain the motor drive throughout the entire bout of exercise. From this perspective, cognitive-energetic models consider mental effort as a capacity-limited resource managed by the mechanism of effort.[@bib0013]^,^[@bib0014] This mechanism allows the individual to maintain task performance under disturbance from stressors and to prevent the loss of task goals under circumstances, such as increased processing demands, exercise demands, and competition from other tasks. Underpinned by frontal and limbic structures that take part in a large-scale brain network called the "salience network (SN)" (described in Section 3), the mechanism of effort exerts active and effortful control over brain systems underlying EFs and self-regulation.[@bib0015] In fact, effortful control is necessary for the activation and effectiveness of brain systems underlying EFs and self-regulation. As mentioned, this effortful control is capacity limited, but the effort hypothesis posits that this capacity can be improved through cognitive or physical training. Training programs aiming to improve effortful control must involve effortful cognitive processes such as EF or effortful physical exercises. According to homeostatic, reward, and other task-related feedback signals, the mechanism of effort makes decisions about maintaining an uncomfortable intensity, reducing it, stopping exercise, or shifting to another more comfortable activity.[@bib0015]

EFs are generally assessed through performance variations observed in cognitive tasks engaging these functions. The most commonly used tasks for this purpose include the n-back task and running-span task for updating working memory; the Stroop task, Eriksen flanker task, Simon task, go-no-go task, stop-signal task, and anti-saccade task for intentional inhibition; the trail-making test, Wisconsin card sorting test, and switching task for cognitive flexibility; and the Tower of London task for planning. Moreover, effortful control exerted by the mechanism of effort during the task (i.e., the mental effort invested in the task) can be assessed through several psychophysiological indices such as pupillary dilation, heart rate variability, or systolic pre-ejection period recorded throughout the duration of the task.[@bib0016] Finally, self-regulation can be measured through behavioral indices such as adherence to exercise programs. In summary, effortful control and EFs are the cornerstones of the virtuous circle; they benefit from healthy behaviors such as regular exercise and play a crucial role in the adherence process allowing the maintenance of these healthy behaviors in the long term.

3. Causal relationship between chronic exercise and EFs and effortful control {#sec0003}
=============================================================================

A recent meta-analysis focusing on adults over 50 years of age that included 36 intervention studies showed a moderate effect size of 0.34 of chronic exercise on EFs.[@bib0017] Another meta-analysis focusing on children from 4 to 18 years of age that included 36 intervention studies also showed small to moderate effects of chronic exercise on EFs.[@bib0018] Given the data presented in these two meta-analyses, it can be concluded that there are strong empirical arguments for a real effect of chronic exercise on EFs and effortful control. However, to strengthen the rationale supporting the right arrow of [Fig. 1](#fig0001){ref-type="fig"}, we now examine the effect of chronic exercise on brain networks and structures underpinning EFs and effortful control.

Correlational brain imaging studies conducted over the past 20 years provide strong arguments for three large-scale interconnected networks that underpin high-level cognitive functions.[@bib0019] The default mode network (DMN) shows a task-negative activity profile. Its activation is associated with self-referenced thoughts, emotional processing, and autobiographical memory.[@bib0020] The DMN mainly includes the orbital frontal cortex, the lateral temporal cortex, the inferior parietal lobe, the posterior cingulate/retrosplenial cortex, and the hippocampus/parahippocampal cortex. The central executive network (CEN), also described as the frontoparietal network, shows a task-positive activity profile because it is activated during a large variety of cognitive tasks that subserve EF.[@bib0019] The CEN is mainly anchored in the dorsolateral prefrontal cortex, the ventrolateral prefrontal cortex, the dorsomedial prefrontal cortex, and the lateral parietal cortex.[@bib0019], [@bib0021] Finally, the SN, alternatively called the cingulo-opercular network, also shows a task-positive activity profile. It underpins the mechanism of effort, making decisions about the direction and the intensity of the behavioral response in a specific situation (i.e., fight, flight, submission to a higher-ranking individual, resignation, computation of the amount of invested effort, *etc.*), and switching between the DMN and the CEN.[@bib0015]^,^[@bib0016], [@bib0019], [@bib0022]^,^[@bib0023] The switching process activating the CEN and deactivating the DMN operates each time an individual engages in a cognitive task or an effortful exercise. Conversely, the switching process activating the DMN and deactivating the CEN operates each time an individual disengages his or her attention from the task and is distracted by self-referenced thoughts. The SN mainly consists of the orbital frontoinsular cortex, the dorsal anterior cingulate cortex (dACC), the anterior insula (AI), and the superior temporal gyrus.[@bib0019], [@bib0021] We assume that the CEN and the SN benefit from chronic exercise and that these benefits in connectivity within and between these two networks improve the efficiency of EFs and facilitate adherence to exercise programs. The contribution of the DMN to the virtuous circle cannot be excluded (see [Section 5](#sec0005){ref-type="sec"}). However, because it is not directly related to effortful control and EFs, we made the choice not to include it in the following analysis of the literature.

Several intervention studies using structural brain imaging showed a positive effect of chronic exercise on gray or white matter volume of brain structures underpinning EFs and the mechanism of effort.[@bib0024], [@bib0025], [@bib0026], [@bib0027], [@bib0028] Colcombe et al.[@bib0024] demonstrated that, among a group of community-dwelling older adults, a 6-month intervention of aerobic training 3 times per week led to an increase in gray matter volume of two main hubs of the SN, the dACC, and the left superior temporal lobe. Reiter et al.[@bib0025] showed that, among a group of older adults with mild cognitive impairment, improvement in cardiorespiratory fitness induced by a 3-month walking intervention 4 times per week was positively correlated with increased cortical thickness in the left insula and left superior temporal gyrus, two important hubs of the SN. Ruscheweyh et al.[@bib0026] showed that, among a group of community-dwelling older adults who participated in a 6-month Nordic walking or gymnastics program 3 times per week, total PA was positively associated with increases in local gray matter volume in the prefrontal and cingulate cortex, two areas involved in the CEN and the SN. Scheewe et al.[@bib0027] showed that, among a group of patients with schizophrenia spectrum disorder, the cardiorespiratory fitness improvement induced by a 6-month intervention of aerobic and resistance exercises 2 times per week was significantly associated with thickening in the left hemisphere of the frontal, temporal, and cingulate cortex. Voss et al.[@bib0028] showed that, among a group of community-dwelling older adults, greater aerobic fitness derived from a 12-month intervention of walking was associated with greater increases in white matter integrity in the frontal and temporal lobes and with greater improvements in short-term memory. Thus far, only two intervention studies using functional brain imaging have shown a positive effect of chronic exercise on connectivity within and between large-scale networks. Voss et al.[@bib0029] showed that among a group of older adults, a 12-month intervention program of walking 3 times per week led to increased functional connectivity in the DMN and CEN associated with greater improvements in EF. Voss et al.[@bib0030] showed that, among a group of community-dwelling older adults, connectivity between the right anterior lateral prefrontal cortex and the left hippocampus decreased significantly in a walking group compared with a control group in a 12-month intervention program.[@bib0030] This literature review shows that exercise and health psychologists need more brain-imaging studies testing the causal link between chronic exercise and strengthening of connectivity within and between the CEN and the SN.

In this section, we presented behavioral and neurophysiological arguments for a causal link between chronic exercise and EFs as well as effortful control, represented by the right arrow of the virtuous circle ([Fig. 1](#fig0001){ref-type="fig"}). An examination of the reciprocal relationship illustrated by the left arrow of [Fig. 1](#fig0001){ref-type="fig"} now follows.

4. Causal relationship between EFs and effortful control and adherence to exercise {#sec0004}
==================================================================================

The effort hypothesis posits that adherence to PA and other healthy behaviors depends on effortful control capacity and EF effectiveness, which are underpinned by the strength in connectivity within and between the CEN and the SN (see [Section 3](#sec0003){ref-type="sec"}). For instance, as mentioned in [Section 2](#sec0002){ref-type="sec"}, planning and intentional inhibition are two EFs that require mental effort and are very useful for practicing exercise sessions regularly. Consequently, it can be inferred that a low level of effortful control capacity and/or EF effectiveness would lead to adherence problems and, more generally, to behavioral change failures. Conversely, a high level or a gain in these cognitive functions would lead to increased adherence to healthy behaviors and a facilitation of behavioral change. As we will see later a low level in effortful control and/or EF effectiveness may come from dispositional factors (e.g., a low level of trait self-control, genetic polymorphisms detrimental for EFs) or from periods of temporary weakening, which may last from a few days to several years. The first part of this section focuses on problems of health behaviors associated with a dispositional low level of effortful control and EFs.

According to the projections of the World Health Organization (WHO) for 2030, five of the leading causes of death worldwide among the top 20 will be ischemic heart disease, stroke, chronic obstructive pulmonary disease, diabetes mellitus, and HIV/AIDS.[@bib0031] Mortality is attributable to major health risk factors such as obesity, tobacco and drug use, sedentariness, and unprotected sex. For instance, the number of obese individuals is expected to increase by 65 million and 11 million in the United States and the United Kingdom, respectively, in the next 15 years. Worldwide, it is similarly expected that the total number of tobacco-related deaths will increase from 6.4 million in 2015 to 8.3 million in 2030. Likewise, in the next 15 years, serious deleterious health consequences and 2 million deaths per year can be attributed to a lack of PA. These projections have economic consequences for society and require a better understanding of how to help individuals change their unhealthy habits. All change starts with one new behavior choice, but the difficulty is not only in making a decision to change, but also in initiating and maintaining this change as long as possible.[@bib0032] Behavioral change is a deliberate and voluntary process that requires cognitive resources to be successful. Effortful cognitive processes such as EFs are necessary for any individual to change his or her behavior and, particularly, to maintain a sufficient amount of PA per week to have health benefits.

A method to show that EFs are necessary to regulate behavior is to examine whether people engaged in behaviors such as psychoactive substance addiction (e.g., tobacco, alcohol, or cannabis), game or sex addiction, or compulsive behavior (e.g., snacking or kleptomania) also display a dysfunction in EFs. It could be hypothesized that a dysfunction in EFs would lead to a decrease in the ability to refrain from habitual unhealthy and/or anti-social behavior and then to a higher probability of occurrence of the deviant behaviors in these individuals. There is an extensive and growing body of literature on this topic supporting a link between EFs and the ability to refrain from unhealthy or antisocial behavior throughout the lifetime.[@bib0033], [@bib0034] Overall, individuals with weaker EFs tend to display more deviant behaviors compared with their stronger EF counterparts. For instance, Goudriaan et al.[@bib0033] showed that pathological gamblers and alcohol-dependent patients in their study were characterized by diminished executive functioning in inhibition, time estimation, cognitive flexibility, and planning tasks in comparison with control participants.[@bib0033] Similarly, poor EFs have also been reported in youths who are at high risk for substance misuse,[@bib0035] and EFs assessed at age 10--12 predict substance use disorder at age 19.[@bib0036] It is also important to note that unhealthy behaviors such as smoking, drug use, and a sedentary lifestyle can have a detrimental effect on executive functioning,[@bib0037] leading to a greater loss of control for concerned individuals and thus aggravating the situation. In other words, someone who starts and maintains an unhealthy behavior enters a vicious circle from which it is more and more difficult to escape.

The end of this section focuses on the maintenance of healthy behavior targeted by the present article: exercising. Martin Ginis and Bray[@bib0038] pointed out that exercise adherence requires self-regulatory skills such as anticipating and developing plans to overcome exercise barriers, creating exercise plans and schedules, and managing exercise-related pain and discomfort. As mentioned in [Section 2](#sec0002){ref-type="sec"}, all of these self-regulatory skills are directly related to EFs. For instance, the initiation and maintenance of a behavior such as practicing exercise several times a week requires the intentional inhibition to resist the desire to stop exercise when the feeling of discomfort or fatigue is too high;[@bib0039] the impulse to stop is certainly more pronounced in sedentary adults and seniors who have maintained a sedentary lifestyle throughout their lives. Practicing exercise regularly also requires planning the exercise sessions in the coming week (i.e., goal setting), remembering when to exercise at the planned time (i.e., prospective memory), and accepting that positive effects of PA occur in the long term (i.e., delay of gratification), which are three higher cognitive functions directly related to EF.[@bib0009], [@bib0040], [@bib0041] The predictive power of EF on PA engagement has been mainly demonstrated with cross-sectional studies.[@bib0042], [@bib0043] To our knowledge, no intervention study has been conducted with the aim of demonstrating a causal link between an improvement in EF efficiency and adherence to exercise. We only found one intervention study showing the effects of an aerobic exercise training program on EFs, specifically inhibitory control, and the positive transfer of the gain in EFs to self-regulation in the dietary domain.[@bib0044] However, a very interesting longitudinal study assessing adherence to exercise over 1 year after a 12-month resistance exercise training program showed that individuals with higher levels of EF are more likely to engage in the exercise routine because they have a higher capacity for overriding impulse rewards and shifting focus to delayed outcomes.[@bib0045] In summary, EF and self-regulation are essential and very useful in the behavioral change process and the maintenance of a sufficient level of PA. Several articles have highlighted the bidirectionality of the relationship between PA and EF and/or self-regulation,[@bib0046], [@bib0047], [@bib0048], [@bib0049] which has been formalized in Hall and Fong\'s temporal self-regulation theory for PA.[@bib0050] This model highlights that the difficulty in maintaining long-term engagement in health behaviors is due to the short-term costs of the target behavior (e.g., fatigue or pain for exercising, privation for a diet regimen) and few long-term benefits. The relevance of this model is the association between health models such as the theory of planned behavior,[@bib0051] which considers intention as a determinant of behavior and the role of EF and behavioral prepotency as moderators of the link between intention and behavior. Behavioral prepotency can be defined as behaviors that constitute a strong habit and that need to be changed, such a sedentary lifestyle, snacking, or smoking. Determining the role of these cognitive processes in behavioral change has provided an alternative and heuristic approach to explain success or failure to initiate and maintain such changes.[@bib0011], [@bib0052]

The difficulty in maintaining long-term engagement can also be related to momentary, acute, or chronic, but nondispositional, failure of self-regulation. On the one hand, people exercise less on days when their EFs and related self-regulatory skills are weakened, and this relationship has been shown to be stronger in individuals with low trait self-control.[@bib0053] In the same way, participants exposed to an acute self-regulatory depletion manipulation generated lower levels of work during a 10-min bicycling task and planned to exert less effort during an upcoming exercise bout compared with control participants.[@bib0038] On the other hand, long periods of self-regulation exhaustion can lead to maladaptive behaviors, such as relapses or absenteeism.[@bib0054] If training is an effective technique to enhance EF and self-regulation, this technique could be disastrous when applied to individuals with chronic self-regulation exhaustion. When individuals cope with chronic self-regulation exhaustion, the training of self-regulatory skills has to be used with caution given the risk of aggravating the fatigue state. Other perspectives aiming to restore self-regulation resources can be proposed, such as combining progressive self-regulatory training with cognitive-behavioral therapies,[@bib0055] recovery techniques,[@bib0056] and/or habit formation.[@bib0057] There is a body of work that suggests that cognitive-behavioral therapies focusing on self-regulation (called self-system therapy) can be used to target dysfunction in self-regulation by changing the availability, the importance, and the patterns of goal-directed behavior.[@bib0058], [@bib0059] These therapies have recently been used in association with graded exercise therapy in people who have a persistent failure of self-regulation by acting on their motivational dysfunction rather than their cognitive dysfunction. Such therapies have yielded interesting results, particularly in relapse prevention.[@bib0060] Other techniques that rely on the recovery of self-regulation resources can also be used. These recovery techniques have been studied mainly with sleep, which has an important impact on cognitive functioning and self-regulatory capacity. For instance, a set of cross-sectional studies has shown the usefulness of sleep hygiene in predicting psychological strain at work[@bib0061] and the ability of individuals to engage in regular exercise.[@bib0062] Another technique registered as a behavioral cognitive technique concerns habit formation.[@bib0063] Gardner and Lally have extensively studied habit formation in the health domain and have shown that habit formation can be triggered automatically and can occur in the absence of effortful control.[@bib0057], [@bib0064] According to Bargh,[@bib0065] the repetition of a behavior in a specific context gives the potential to activate the behavior in the absence of cognitive effort, deliberation, or effortful control because alternative behaviors become less accessible in memory. In other words, because the context is associated with motivational reward, it becomes a signal showing an opportunity and an incentive to act. Lally et al.[@bib0066] and Gardner[@bib0057] reported that the formation of healthy habits renders healthy behaviors more resistant to lapses and relapses and facilitates the maintenance of new behavior after the intervention. In summary, the virtuous circle characterized by the relationship between chronic exercise and EFs and/or effortful control can become a vicious circle when people cease this healthy behavior and do not replace it by another effective training method or when techniques used to improve EFs are not adapted given the current weakness of self-regulatory skills. The accurate evaluation of failures in self-regulation is essential to target the most appropriate techniques. For instance, in the case of self-regulation exhaustion, it is appropriate to avoid techniques based on self-regulation training and engage in goal-directed-based techniques. In contrast, in the case of emotional dysregulation (e.g., systematic use of anxiety to cope with the anticipated consequences of a decision), the use of habit formation techniques must be preferred over any other technique.

5. Future research directions and conclusions {#sec0005}
=============================================

In this article, we have highlighted that there is currently a lack of empirical evidence for two causal relationships involved in the virtuous circle, while the link between chronic exercise and EF is fairly well-established using behavioral measures of EF. The first causal relationship that lacks empirical evidence is the relationship between chronic exercise and network connectivity within and between the CEN and the SN. As mentioned by Buckley et al.,[@bib0067] it could be interesting to include the DMN in these analyses because it could be involved in contemplation periods during which people engage in introspection on their aspirations for exercise, planning exercise sessions, and evaluating exercise goals and discrepancies. The DMN could also be involved in the cognitive-behavioral therapies mentioned in [Section 4](#sec0004){ref-type="sec"}, which used self-referenced processes. The second causal relationship that needs more empirical evidence is the relationship between improvement in EFs and adherence to exercise programs, which both require the mobilization of mental effort. The present section proposes two categories of interventions that would be useful to conduct in the next decade. They would allow a more careful examination of links necessary to establish the validity of the virtuous circle described in [Fig. 1](#fig0001){ref-type="fig"}. The costs of such interventions are relatively high, but they are fundamental to testing the effort hypothesis. It is important to emphasize that, if the effort hypothesis is valid, several applications might follow in the domain of health and sport psychology to help patients stop unhealthy behaviors or maintain healthy behaviors, thus generating individual and societal benefits. The present article provides numerous arguments supporting the effort hypothesis but delineates two categories of interventions that would be necessary to more accurately test its validity.

The first category of intervention studies focuses on the effects of chronic exercise on large-scale neuronal networks involved in effortful control and EF. Based on Colcombe and Kramer\'s meta-analytic results[@bib0005], [@bib0068] and on the literature presented in [Section 3](#sec0003){ref-type="sec"}, we recommend randomized controlled trials (RCTs) with an intervention of a minimal duration of 6 months. In addition, at least 2 groups of participants should be planned: a treatment group participating in effortful physical exercise at least 3 times a week at the end of the intervention and a control group practicing effortless physical exercises with the same session schedule as the treatment group. Effortful physical exercises can be defined as any exercise requiring sustained attention or effort to maintain an uncomfortable intensity to reach the goal of the exercise. The duration of these exercises should be progressive and range between 15 and 45 min. The intensity of the exercises should be progressively increased on an individual basis. The progressivity in increasing exercise intensity should also be calibrated to obtain good compliance with the program (≥80%). The effortless physical exercises could use the same PA basis, for instance, walking or jogging, but practiced at a comfortable speed that requires very little attention or effort throughout each bout of exercise. Feelings of mental effort and pleasure during exercise should be measured throughout the program and in the two arms of the RCT. The completion of a battery of several cognitive tasks engaging EFs and, most particularly, intentional inhibition and planning and/or updating of working memory should be planned before the beginning and after the end of the intervention program. These two EFs are specifically targeted because they play an important role in the adherence process to exercise programs (see [Section 2](#sec0002){ref-type="sec"} for examples). Psychophysiological indices, such as pupillary dilation and heart rate variability, could be recorded throughout the cognitive tasks to examine the possible variations in effort engagement with time on task. For that reason, we recommend the use of continuous cognitive tasks with a minimal duration of 15 min. Finally, two resting-state functional magnetic resonance imaging scans at rest should be planned, one before the beginning and the other after the end of the intervention. Then, seed-based correlation analyses should be conducted to examine the chronic effect of exercise on functional connectivity within and between the DMN, the SN, and the CEN.

The second category of intervention focuses on the effects of cognitive training on PA adherence. The aim of the intervention would be to improve EFs and effortful control through cognitive training in a cohort of older adults and to observe the repercussions of this potential improvement on adherence to PA and other health-related behaviors in the current life of the participants. Why is it important to use cognitive training instead of physical training to improve EFs and effortful control in the validity test of the second causal relationship? Intervention studies that test the validity of the first causal relationship between chronic exercise and EFs generally use performance scores obtained in tasks engaging EFs and effortful control as the principal outcomes, i.e., tasks involving both CEN and SN, such as all tasks listed in [Section 2](#sec0002){ref-type="sec"}. In addition, the effectiveness of the physical training program is generally validated through the improvement in physical fitness (e.g., increase in maximal oxygen consumption and/or increase in muscular strength). In contrast, in the validity test of the second causal relationship between EFs and adherence to exercise, the principal outcome of the RCT would be adherence to exercise and diet. In that case, it would not be suitable to use the same physical training program to improve the EFs and measure adherence to the physical training program as the main outcome. Indeed, it is problematic that the content of the physical training program is directly and intrinsically linked to adherence to this program. To clearly separate the cause and the consequence in the improvement in EF, it would be more pertinent to use cognitive training rather than physical training. However, a pertinent case of physical training planned to improve self-control strength leading to a transfer effect on a different physical exercise can be found in a study by Bray et al.[@bib0069] These investigators examined the effect of a 2-week training program including maximal isometric handgrip squeezing exercises on performance in a cardiovascular endurance cycling performance carried out just before the beginning and after the end of the program. They showed that participants who completed the 2-week self-control training program improved their performance in the intensity-graded cycling exercise by increasing their time to failure in comparison with the control participants. Although it seems adequate to use a physical training program to improve effortful control and examine the consequence of this improvement on exercise adherence, we recommend using cognitive training to enhance far-transfer effects rather than near-transfer effects. Several narrative and meta-analytic reviews have highlighted the effectiveness of cognitive training and mental stimulation to improve EF.[@bib0070], [@bib0071], [@bib0072] It should be noted that cognitive training programs have shown a greater effect size at improving EFs in comparison with physical training programs.[@bib0073] These recent findings from process-specific EF training indicate that all the key domains of EF can be improved by cognitive training, not only in childhood and adolescence,[@bib0071] but also in older adults.[@bib0073] There is also evidence for transfer from one EF component to other components of EF (e.g., from task-switching training to working-memory abilities). The maintenance of the gains in executive functioning lasts several months. For instance, the benefit in working memory in old-old individuals after a verbal working-memory training program of 3 sessions completed within a 2-week timeframe persisted 8 months after the end of the intervention.[@bib0074] However, the extent to which these improvements generalize and show positive transfers to everyday life activities remains strongly debated. Generally, psychologists have focused transfer analyses on cognitive tasks very similar to the trained task (i.e., near-transfer effects) and on dissimilar cognitive tasks (far-transfer effects), but never specifically on ecological tasks concerned with behavioral change. Based on these reviews, we recommend planning an RCT that includes two arms. In the first arm, the group of participants would take part in a cognitive training program with a volume of at least 10 h (e.g., two 1-h sessions per week for 5 weeks) and using a variety of effortful cognitive tasks engaging EF. In the second arm, the other group of participants would take part in a sham cognitive training program of the same duration and consisting of viewing neutral emotion movies and answering questions about the movies. In parallel with the intervention, the participants in the 2 groups would be instructed to follow the recommendations of the WHO concerning PA and diet, for example, practicing at least 150 min of moderate intensity exercise per week and eating at least 5 portions of fruits and vegetables per day. The adherence to these recommendations would be regularly collected from 1 week before the beginning of the intervention to at least 3 months after the end of the intervention. Concerning the measurement of PA adherence, the main outcome of the RCT, we recommend the use of two instruments: a weekly/daily PA notebook and actimetry.

Unfortunately, the virtuous circle is fragile, and, as mentioned in [Section 4](#sec0004){ref-type="sec"}, it can be broken or even reversed when life accidents happen. In the case of circle reversal, it is more appropriate to talk about the initiation of a vicious circle that progressively leads the individual to a sedentary lifestyle, a weakening of physical and effort-based mental capacities, and sometimes health problems such as osteoporosis, obesity, or cardiovascular diseases.[@bib0075]^,^[@bib0076] It seems that physical, brain, and psychological capacities function synergistically, mutually reinforcing one another in the case of the virtuous circle, and conversely making the mobilization of the other more difficult in the case of the vicious circle. From that perspective, Allan et al.[@bib0048] proposed that the elements of the virtuous circle are linked by feedback loops. Our task in the future would be to clearly define environmental and individual factors that facilitate the rotation of the virtuous circle in the right direction and counteract the inverse rotation of the vicious circle. Finally, it is important to emphasize that the effort hypothesis presented in this article is not in opposition to the current and dominant neurotrophic hypothesis. Instead, it would be more appropriate to conceive that the mechanisms strengthening the large-scale networks underpinning effortful control and EF (the effort hypothesis) operate synergistically with the mechanisms enhancing brain plasticity (neurotrophic hypothesis).
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